Biocalcification of collagen matrices with calcium phosphate and biosilicification of diatom frustules with amorphous silica are two discrete processes that have intrigued biologists and materials scientists for decades. Recent advancements in the understanding of the mechanisms involved in these two biomineralisation processes have resulted in the use of biomimetic strategies to replicate these processes separately using polyanionic, polycationic or zwitterionic analogues of extracellular matrix proteins to stabilise amorphous mineral precursor phases. To date, there is a lack of a universal model that enables the subtleties of these two apparently dissimilar biomineralisation processes to be studied together. Here, we utilise the eggshell membrane as a universal model for differential biomimetic calcification and silicification. By manipulating the eggshell membrane to render it permeable to stabilised mineral precursors, it is possible to introduce nanostructured calcium phosphate or silica into eggshell membrane fibre cores or mantles. We provide a model for infiltrating the two compartmental niches of a biopolymer membrane with different intrafibre minerals to obtain materials with potentially improved structure-property relationships.
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Introduction
Calcification of the eggshell is among the most rapid biomineralisation processes known, with precise spatiotemporal control of its sequence of events [1] . As the egg yolk traverses the oviduct, it acquires egg white in the magnum followed by deposition of a fibrous eggshell membrane (ESM) in the isthmus. In the distal part of the isthmus, proteoglycan-rich mammillary knobs are secreted over the ESM to serve as sites for deposition of columnar calcite crystals that form the palisade layer of the eggshell [2] . The ESM is divided into an inner interlacing network of thinner fibres and an outer network of thicker fibres. Each fibre is traditionally conceived to be made up of a collagen-rich core and a glycoproteinrich mantle [2, 3] . Fibre cores from the outer ESM contain predominantly type I collagen while those from the inner ESM contain types I and V collagen [1] . Type X collagen has also been identified from both membrane layers and is postulated to function as a mineralization inhibitor to prevent the underlying egg white and yolk from being mineralized [4] . Despite immunohistochemical identification of these collagen variants, fibre cores from the ESM appear homogeneously stained at the electron microscopical level and lack substructural fibrillar characteristics or the 67-nm cross striations seen in fibrillar collagen [5] . This may be due to masking of these avian collagens with a cysteine-rich eggshell membrane protein (CREMP) that contains multiple disulphide bonds [6] .
Scientists find biomineralisation intriguing because amorphous and crystalline structures created through interactions between proteins and minerals are considerably more advanced than what may be achieved by contemporary materials engineering [7, 8] . As q Editor's Note: This paper is one of a newly instituted series of scientific articles that provide evidence-based scientific opinions on topical and important issues in biomaterials science. They have some features of an invited editorial but are based on scientific facts, and some features of a review paper, without attempting to be comprehensive. These papers have been commissioned by the Editor-in-Chief and reviewed for factual, scientific content by referees.
the ESM does not mineralise in-situ, it has been utilised as a biomineralisation model [1, 9] or as a biological template for surface modification of crystal growth [10e12]. However, biomimetic mineralisation within the ESM matrix has not yet been achieved even when pepsin is employed to remove its purported mineralisation inhibition components [4] . Nevertheless, mineralisation of pepsin pre-treated ESMs in the presence of a biomimetic analogue of matrix phosphoproteins resulted only in the deposition of extrafibre apatite crystals on the ESM surface [8] .
The recent discovery of the involvement of calcium phosphate prenucleation clusters has considerably advanced our understanding of the biomineralisation of collagen [13] . Using polycarboxylic acid analogues of extracellular matrix proteins to stabilise pre-nucleation clusters-derived amorphous calcium phosphate as plastic, liquid-like precursor phases [14] , it is possible to take advantage of the templating properties of type I collagen to introduce intrafibrillar apatite crystallites into collagen fibrils [15] . Likewise, biosilicification of diatom frustules is under the precise control of highly-phosphorylated biomolecules and long-chain polyamines that produce plastic protein-stabilised silica phases [16, 17] . In this work, we utilised the eggshell membrane as a universal biomineralisation model to test the hypothesis that it is possible to differentially introduce biominerals into the different compartmental niches of a biopolymer membrane (i.e. calcium phosphate in ESM fibre cores and silica in ESM fibre mantles) by using biomimetic analogues to create stabilised amorphous phases of the corresponding mineral.
Materials and methods

Retrieval of eggshell membranes
Eggshell membranes were obtained from commercial breeding lines of Gallus gallus. The outer membranes were carefully removed using forceps and washed with Milli-Q water (18.2 mU-cm). The membranes were stored in water to avoid dehydration and used within 24 h after harvesting. The ESMs were cut while immersed in water into 1 cm Â 1 cm specimens for the biomineralisation experiments.
Biocalcification
Polyacrylic acid-stabilised amorphous calcium phosphate precursors were prepared using a concentrated calcium phosphate mineralising medium containing 10.5 mM CaCl 2 $2H 2 O and 6.3 mM K 2 HPO 4 in HEPES buffer (pH 7.4). They were prevented from spontaneous precipitation by incorporating 500 mg/mL polyacrylic acid (Mw 1800, Sigma-Aldrich, St. Louis, MO, USA) as an apatite nucleationinhibiting agent. The concentration of polyacrylic acid used was based on the minimal amount required for the solution to remain stable and visibly clear for at least 1 month. This was monitored with optical density measurements taken at different time intervals with a 96-well plate reader at 650 nm.
Prior to biocalcification, ESM specimens were treated with 1.25 N 3-mercaptopriprionic acid (MPA, Sigma-Aldrich) dissolved in 10% acetic acid for 3 h. After rinsing with Milli-Q water, they were incubated in a 5 wt% sodium tripolyphosphate solution (Mw 367.9, Sigma-Aldrich) at room temperature for 1 h and further rinsed with Milli-Q water. The phosphorylated ESMs were then calcified by immersing each ESM square in 1 mL of stabilised amorphous calcium phosphate precursors at 37 C for 14 or 28 days, with daily change of the calcifying medium.
Biosilicification
Choline-stabilised silicic acid precursors were prepared using a 3% silicic acid stock solution. 
Scanning electron microscopy (SEM)
To examine the surface morphology of ESMs before and after MPA pre-treatment, the specimens were desiccated in anhydrous calcium sulphate, sputter-coated with gold/palladium and examined using a field emission-scanning electron microscope (XL-30 FEG; Philips, Eindhoven, The Netherlands) at 10 kV.
Transmission electron microscopy (TEM)
Eggshell membranes before and after biomineralisation were fixed in 2% glutaraldehyde, post-fixed in 1% osmium tetroxide, dehydrated in an ascending ethanol series (50e100%), immersed in propylene oxide and embedded in epoxy resin. Ninety nanometre thick sections were prepared and examined using a JSM-1230 TEM (JEOL, Tokyo, Japan) at 110 kV. Intact or MPA pre-treated specimens without biomineralisation were examined after staining with 2% uranyl acetate and Reynold's lead citrate. Mineralised specimens were examined unstained. Selected area electron diffraction (SAED) was performed on the mineralised.
Attenuated total reflection e Fourier transform infrared spectroscopy (ATR-FTIR)
Each ESM specimen was desiccated with anhydrous calcium sulphate for 24 h prior to spectrum acquisition. A Nicolet 6700 FT-IR spectrophotometer (ThermoScientific, Waltham, MA, USA) with an ATR setup was used to collect infrared spectra between 4000 and 400 cm À1 at 4 cm À1 resolution using 32 scans.
Amino acid analyses
Amino acid analyses were performed on untreated ESMs as well as ESMs that were subjected to 3 h and 5 h of MPA pre-treatment to determine if there were common trends in the changes of amino acid profiles. A L8900 Analyser (Hitachi, Schaumburg, IL, USA) equipped with a Hitachi AAA Special Analysis Column (855-4516) was employed for the analyses. The 16 common amino acids together with hydroxyproline, hydroxylysine and cyst(e)ine were analysed. The analyser was calibrated using standard amino acid stock solution (AAS18, Sigma-Aldrich) and additional amino acid standards: trans-4-hydroxy-L-proline, hydroxylysine, L-cysteic acid and pyridylethyl-L-cysteine. L-norleucine was used as the internal standard (Sigma-Aldrich).
The ESMs were hydrolysed with 6 N HCL/2% phenol at 110 C for 22 h under vacuum into individual amino acid residues. A defined amount of the norleucine internal standard was added to each sample prior to hydrolysis. Cyst(e)ine was oxidised with H 2 O 2 and formic acid (1:10 v/v) to cysteic acid prior to analysis. The individual amino acids were separated by ion-exchange chromatography with measurement of the ninhydrin chromophore. Data analysis was performed using the EZChrom Elite software (Version 3.1E; Scientific Software International Inc., Lincolnwood, IL, USA). The data were normalised to the known concentration of the internal standard.
Electron tomography, serial sectioning and 3-D reconstruction
Electron tomography was performed with 200 nm thick unstained epoxy resinembedded sections using a Tecnai G2 STEM (FEI, Hillsboro, OR, USA) at 200 kV. Tomographic images were taken from þ30 to À30 at 1 increment. Tilt series were created using the Gatan Digital Micrograph software. Image alignment was performed using Reconstruct Version 1.1.0.0. (http://synapses.clm.utexas.edu/tools/ reconstruct/reconstruct.stm). Three-dimensional reconstruction, segmentation and visualisation of the 3D volume were performed using Amira 5.3.3. (Visage Imaging Inc., Andover MA, USA). For serial sectioning, 120-130 sixty nm thick sections were prepared for TEM imaging, aligned using the Reconstruct software and reconstructed for visualisation using the Amira software programme.
Scanning transmission electron microscopy-energy dispersive X-ray analysis (STEM-EDX)
Elemental analysis of the mineralised ESMs was performed on the thin sections prepared previously for TEM using the FEI Tecnai G2 STEM at 200 kV. Spectrum acquisition and elemental mapping were conducted using an Oxford Instruments INCA x-sight detector. Elemental mappings were acquired with the FEI TIA software using a spot dwell time of 300 ms with drift correction performed after every 30 images.
Nanoindentation
Control (non-mineralised) and silicified ESMs were prepared by placing small portions (3 Â 3 mm) of the membrane on a glass cover slip. The hydrated specimens were covered within droplets of Milli-Q water to minimise moisture loss. Mechanical properties of the specimens were evaluated by quasi-static indentation using an instrumented nanoindenter (Hysitron Tribinderter 900, Minneapolis, MN, USA) with a 100 mm radius cono-spherical diamond tip indenter. A standard trapezoidal profile was used including a maximum load of 100 mN, indentation hold time of 5 s, and loading and unloading rates of 20 mN/s. An initial offset load of 10 mN was used for identifying contact and initialise the indentation process. For each specimen, 10 indentations were performed to characterise the mechanical behaviour. The load-displacement curves generated for the individual indentations were corrected for the offset force, and the unloading response was used to estimate the reduced modulus and hardness according to the Oliver and Pharr approach [18] . The spherical tip function utilised in estimating the properties was determined using a singlecrystal aluminum calibration sample over the range in indentation depths experienced in evaluating the membrane specimens. As the data obtained for the reduced modulus and hardness of the specimens were not normally distributed, each data set was statistically analysed with Mann Whitney rank sum test at a ¼ 0.05.
Results
Fig. 1a represents SEM and TEM micrographs of untreated outer ESM fibres. Each fibre is 1e4 mm in diameter and consists of an inner highly electron-dense core and an outer less-electron-dense mantle. In control mineralisation experiments performed on pepsin pre-treated outer ESMs, mineral deposition was exclusively observed on the surface of the ESM fibres, with no evidence of intrafibre mineralisation (Supporting Information S1; Fig. S1 ). When the outer ESMs were pre-treated with 1.25 N MPA in 10% acetic acid at 70 C for 3 h prior to the biocalcification or biosilification experiments, the fibre mantles became more porous (Fig. 1b) .
Supplementary video related to this article can be found at doi: 10.1016/j.biomaterials.2011.08.007.
Examination of untreated ESMs by ATR-FTIR revealed collagenassociated peaks as well as additional IR bands that were probably associated with noncollagenous proteins and glycoprotein components of the fibre core and mantle. (Supporting Information S2; Fig. S2a ). After pre-treatment with MPA, alterations in the infrared spectrum of ESMs occurred predominantly in the 1000e1200 cm 2 shows the initial stage of differential biocalcification of ESM fibre cores after 14 days of immersion in the mineralising medium. Calcified fibrils w50 nm in diameter were seen within the fibre cores despite their lack of stainable fibrillar substructures [5] . For each calcified fibril, minerals were deposited in the form of intertwining electron-dense strands that resemble those observed after the microfibrillar compartments of type I collagen were infiltrated by amorphous calcium phosphate [15, 19] . Electron tomography of the bicalcified fibre cores (Fig. 2d) (Fig. 3a) . A small amount of phosphorus could also be detected within the fibre mantles that could be derived from the polyphosphate used for ESM phosphorylation. Fig. 4aec represent the results of a more advanced stage of biocalcification after 28 days of immersion in the mineralising medium. The fibre cores became almost completely calcified while the fibre mantles remained uncalcified. With such heavy calcification, fibrillar substructures were no longer observed. However, discrete mineral platelets were found within the calcified fibre cores. Conversion of amorphous calcium phosphate into apatite was confirmed using selected area electron diffraction (Fig. 4d) as well as ATR-FTIR. The latter shows apatite-associated peaks within the calcified ESM (Fig. 5a) .
Unstained TEM of the biosilicified ESM shows that silica nanoparticles were predominantly deposited in the fibre mantles (Fig. 6aec) . The amorphous silica nanoparticles were approximately Fig. 1 . SEM (top) and stained TEM images (bottom) of the outer eggshell membrane (ESM). a, Intact, untreated membrane fibres are 1e4 mm in diameter and separated by extrafibre spaces (E). Each fibre consists of a collagen-rich core (C) that is surrounded by a glycoprotein-rich mantle (M). b, After treatment with 3-mercaptoproprionic acid (MPA), the fibre mantle becomes more porous (open arrowheads). In both cases, fibrillar substructure cannot be discerned from the stained collagen-rich fibre core. Scale bars: SEM e 10 mm, TEM e 1 mm.
10 nm in diameter. Three-dimensional reconstruction of multiple electron tomography images derived from a slice of the biosilicified ESM is shown in Fig. 6d . As electron tomography is incapable of showing the full thickness of a 1e4 mm diameter ESM fibre, serial sectioning was found to be a better alternative for depicting the extent of mantle silicification within the large, interconnecting mineralised fibres (Supporting Information S4, Fig. S4) . A movie showing the continuity of the silicified ESM mantles can be found in Phosphorus is co-localised with calcium in the fibre cores but is also detected from the fibre mantle (asterisk). Scale bar: 1 mm. b, Upper left in "b" after 4 days of biosilicification, strong signals of oxygen and silicon can be detected within the fibre mantles (M). The fibre cores (C) are devoid of silicon. E: extrafibre space. Scale bar: 1 mm. Supporting Information S4 as mantle.mov. These silicified structures resemble diatom frustules in that a hollow silica shell is formed around a soft organic core [17] . Elemental analysis of the biosilicified ESM by STEM-EDX indicates that silicon is localised within the fibre mantle (Fig. 3b) . The presence of silica-associated peaks within the biosilicified ESM was further confirmed using ATR-FTIR (Fig. 5b) . Quasi-static nanoindentation results of the non-mineralised and silicified ESMs are shown in Fig. 7 . The reduced modulus of hydrated ESMs after biosilicification (72.84 AE 66.56 MPa) was significantly higher (p < 0.05) than that of hydrated, nonmineralised ESMs (1.84 AE 0.33 MPa). Likewise, the hardness of hydrated ESMs after biosilicification (0.97 AE 0.66 MPa) was significantly higher (p < 0.05) than that of hydrated, non-mineralised ESMs (0.11 AE 0.02 MPa).
Discussion
Eggshell membrane is an inutile hatchery by-product that is a rich source of collagen and other proteins. In its natural form, this biopolymer network provides a non-mineralised platform for outward mineralisation of the eggshell while preventing inward mineralisation of the egg white and yolk. Preponderance of disulphide-rich CREMPs [6] and covalent lysine-derived cross-links [20] may have caused the ESMs to remain impermeable to amorphous mineral precursors. Reducing agents such as MPA [21] , dithiothreitol [6] and thioglycolate [22] have been used for reducing disulphide linkages of ESMs. Here, we demonstrate that by rendering the ESM permeable with MPA and by further treating it with a polyphosphate analogue of matrix phosphoproteins, it is possible to introduce calcium phosphate or silica into ESM fibres at the nanoscopical scale by using amorphous precursor phases of the corresponding mineral. Based on the results of the amino acid analyses, the increased permeability of MPA pre-treated ESMs is attributed to the combined results of protein extraction and cleavage of cystine disulphide bonds. We initially attempted to remove the mineralisation inhibiting components of the ESM by incubating MPA pre-treated membranes in pepsin for different time periods. However, MPA pre-treatment alone was found to be sufficient for the ESMs to be mineralised. Moreover, combined MPA pre-treatment and pepsin digestion adversely altered the handling characteristics of the ESMs and resulted in aggressive dissolution of the collagen-rich fibre cores. Hence, all biomineralisation experiments were subsequently performed without pepsin digestion.
Biominerals are perfect examples of organic-inorganic hybrid composites whose structures and properties are modified by extracellular matrix proteins. These hybrid composites are created by non-classical crystallisation pathways that utilise amorphous mineral precursor phases in mesoscale bottom-up approaches [23] . Calcium and phosphate ions from a calcifying medium selfassemble into stable particulate units known as pre-nucleation clusters. In the presence of polyanionic analogues of matrix proteins, these pre-nucleation clusters further condense into fluidic amorphous calcium phosphate precursors that are capable of infiltrating the intrafibrillar compartments of type I collagen [13] . Contrary to previous beliefs that type I collagen provides a passive depot for apatite deposition, there is a recent paradigm shift that supports an active role of type I collagen in templating intrafibrillar apatite nucleation and growth [15] . This is achieved via electrostatic interaction of sites with net positive charges along the collagen fibril with polyanion-stabilised amorphous calcium phosphate precursors. As there was no fibrillar collagen within the fiber core to act as mineralisation templates, we incubated MPA pre-treated ESMs in 5 wt% sodium tripolyphosphate to introduce phosphate residues into the collagen via an ionic cross-linking mechanism [24] . Sodium tripolyphosphate has previously been shown to be as an effective biomimetic analogue of matrix phosphoproteins involved in biomineralisation of collagen [19] . The amorphous calcium phosphate precursors were prevented from spontaneous precipitation by incorporating polyacrylic acid as an apatite nucleation-inhibiting agent [19, 24] . Using dynamic light scattering and zeta potential measurements, these precursors exhibited an average hydrodynamic diameter of 14.95 AE 1.0 nm with a polydispersity index of 0.35 AE 0.01 and a net negative surface charge of À32.5 AE 3.0 mV (Supporting Information S5) .
Surprisingly, calcified fibrils were seen within the fibre cores during the initial stage of biocalcification, despite their lack of stainable fibrillar substructures. This suggests that fibrillar collagens are invariably present within the ESM fibre cores. Their inability to be identified by staining may be due to the formation of complex alloys with other nonfibrillar collagen or not-yetidentified collagen types such as the FACITs (fibril-associated collagen with interrupted triple helix) [25] . These additional collagen entities may interact with proteins containing the disulphide-rich CREMP motifs [6] via their terminal non-helical domains. Pre-treatment of ESMs with MPA could have disrupted these interactions, enabling amorphous calcium phosphate precursors to infiltrate the water compartments of the fibrillar collagen.
Biosilicification of diatom cell walls and sponge spicules represents Nature's ingenious mechanism for polymerisation of nano-structured silica from silicic acid [8, 26] . These biosilica structures are composites containing zwitterionic proteins and long-chain polyamines in addition to silica. Biogenesis of silica in diatoms is catalysed by silaffins that are characterized by the presence of polyamines as well as phosphorylation, N-methylation and hydroxylation of amino acid residues [17] . Attempts have been made to synthesise nanostructured silica materials using biomimetic catalysts such as polyamines or amine-terminated dendrimers [27, 28] . Catechol (1,2-dihydroxybenzene)-stabilised silicic acid complex acts as a silica precursor for silicification under simulated biological conditions [29] . In our experiments, we employed choline-stabilised orthosilicic acid (ch-OSA) complex as the silica precursor. The positively-charged quaternary ammonium group in choline (2-hydroxy-N,N,N-trimethylethanaminium chloride) interacts with oxygen in silicic acid to form a relatively stable complex [30] . As a dietary supplement, ch-OSA Fig. 9 . STEM-EDX of ESMs after combined biocalcification and biosilicification. Elemental maps of the distribution of C, Ca, P, Si and O in the biocalcified and biosilicified ESM. C:
Biocalcified fibre core; M: biosilicified fibre mantle; E: extrafibre space. Scale bar: 1 mm.
reduces bone turnover in overiectomized rats [31] and in human clinical trials [32] .
We serendipitously discovered that the ESM mantle serves as a template for biocatalytic polymerisation of silicic acid into nano-silica. In biomimetic silicification, polycations such as polyallylamine and phosphate are simultaneously required to create micro-phase separations for silica to precipitate [17] . However, no polyallylamine was utilised in the present work. Chitosan is an effective biosilicification template in the presence of phosphate ions because of the multiple hexosamines in its polymer chain [33] . Glycoprotein extracts derived from ESMs also contain abundant hexosamines (N-acetylglucosamine and N-acetylgalatosamine) [3] . This probably explains why the glycoprotein-rich fibre mantle serves as a biocatalyst for polymerisation of silicic acid into silica without using synthetic polyamine analogues. Absence of silica deposition within the collagen-rich ESM fibre core may likewise be rationalised.
As phosphorus is retained within the fibre mantle after biocalcification of the fibre core, we further hypothesise that the ESM may be used as a template for creating hybrid mineralised tissues unseen in Nature by using a combined biocalcification and biosilicification scheme. To test this hypothesis, we first calcified the fibre cores prior to silicifying the fibre mantles without additional tripolyphosphate supplement. This resulted in heavily mineralised ESMs in which the fibre cores were differentially mineralised with apatite crystallites while the fibre mantles were differentially mineralised with silica nanoparticles (Fig. 8) . STEM-EDX of the mineralised ESMs indicates that calcium was exclusively found in the fibre core and silicon was exclusively located in the fibre mantle (Fig. 9) . While this represents a proof-of-concept that hybrid mineralised ESM structures may be constructed using a combined biomimetic scheme, the resulting product is too brittle to be handled without breakage.
Nanoindentation of ESMs revealed that their mechanical properties vary with the orientation of the ESM [34] . In that study, the Young's modulus in the hemispherical direction was 5.50 AE 3.26 MPa, which is in the same order of magnitude as the results obtained from non-mineralised hydrated ESMs in the present study. Moreover, a similar high standard deviation of the mechanical properties was also observed. In its natural form, the ESM is a rather tough membrane but lacks stiffness and hardness due to the absence of intrafibre minerals. This structure-property relation enables the ESM to limit movement of the developing embryo and supporting nutrients to within their spatial confines. A natural ESM that is both tough and stiff is not necessary as protection of the developing embryo from physical injury is efficaciously handled by the calciteprotein component of the eggshell. Nevertheless, by incorporating silica in the fibre mantle, novel ESM-based membranous materials with moderate increases in stiffness may be generated that have potential bioengineering applications. Eggshell membranes with silicified fibre mantles may be milled in liquid nitrogen into microleaflets and silanised for incorporation in resin composites as a biomimetic toughening agent [35] .
Conclusion
In the grand scheme of things, Nature is replete with diversity in her biomineralisation designs. Among such creative solutions is the motif of using amorphous mineral precursors as starting materials and the ability to precisely control where mineralisation is required. Despite many years of research, the exact compositions of the ESM fibre core and mantle have not been fully elucidated due to their highly cross-linked nature and the presence of protein motifs with extensive disulphide cross-links. As commonplace and cryptic as is the ESM, it exemplifies how potentially mineralisable soft tissues can serve as a mineralisation barrier via a proteinaceous coating that surrounds those tissues. Although Nature never requires more than one mineral in her design of a particular matrixmediated mineralised framework, it is amazing that the ESM has the hidden potential to be mineralised by chemically dissimilar minerals in its different compartmental niches.
